A microstructural-based model, describing the plastic behavior of Al30wt% Zn alloy, is proposed and the effect of solid solution decomposition, Orowan looping, twinning and grain refinement is analyzed. It is assumed that the plastic deformation process is dominated by strain-induced solute diffusion and dislocation motion. To capture the essential physics, a law describing the evolution of the mean free path of dislocations with plastic strain is proposed which reproduces the experimentally observed strain softening.
deformation mechanisms are slip on the basal (0001) < 112 − 0 > and pyramidal systems (112 − 2) < 112 − 3 > and twinning on the (101 − 2) < 101 − 1 > system [25] . The understanding of precipitation mechanisms is critical for achieving optimal properties [22, 26, 27] . A number of experimental studies on the aging behaviour of Al-Zn alloys are available [5, 9] . It was also shown that the attainment of a fine scale two phase microstructure in the aluminum zinc system can be obtained by severe plastic deformation [1−3] . For instance the structure, phase composition and thermal evolution of binary Al-Zn alloys before and after high-pressure torsion was studied in detail [11] . It was shown that heating HPT-deformed samples from room temperature to 300°C, leads to alloy decomposition, and formation of a relatively fine-grained (Al) equilibrium solid solution. In another work [28] it was shown that torsion straining produces an essentially equiaxed grain structure with some mixing of the two separate phases. After pressing to a strain of 0.8 at a temperature of 373 K, submicrometer grains are obtained but with agglomerates of ultrafine Al-rich and Zn-rich grains formed by the division of the original grains into smaller grains with minimal mixing of the two phases.
In the present work we propose a microstructural-based model to describe the softening process occurring during compression of super saturated solid solution Al-30wt% Zn alloy. The model is based on strain induced diffusivity of Zn and evolution of the mean free path of dislocations during plastic deformation.
EXPERIMENTAL DETAILS AND RESULTS
In this work a super saturated solid solution (SSSS) of Al-30wt%Zn was subjected to severe plastic deformation in compression, until a plastic strain of 0.25 and a strain rate of 8.3 × 10 −4 s −1 . The compression was applied to a small disk-shaped metal work piece. The sample was 10 mm in diameter and 0.38 mm in thickness. Since the samples are very thin, interrupted tests were carried out at different stress levels to accurate measure the corresponding strains.
In addition, hardness measurements were performed using a nanoindenter with load and displacement resolutions of 50 nN and 0.01 nm. Transmission electron microscopy (TEM) was carried out using a JEM-4000 FX microscope operating at 400 kV. The indentations and TEM observations were performed in the same area. A typical stress-strain curve for this alloy obtained in compression is shown in Figure 1 Figure 1 Stress-strain curve for the Al-30wt% Zn alloy subjected to uniaxial compression been compared with hardness measurements carried out at different strain levels. The material strain hardens up to an engineering strain of about 5%, after which strain softening is observed.
MICROSTRUCTURAL ANALYSIS
The microstructure of the super saturated solid solution is shown in Figure 2 . It contains Al and Zn grains with grain sizes respectively of 15 and 1 micron. The Zn grains are decorating the grain boundaries and present an ellipsoid shape. The microstructure of the material after compression up to 0.05 strain is shown in Figure 3 . The most prominent feature is precipitation of Zn particles in the bulk and at the grain boundaries of Al grains. Moreover, tangles of dislocations were observed between precipitates.
With increasing strain the dislocations become pinned at Zn particles, and start forming regular arrays in the grains as shown in Figure 4 .
Interestingly, in different grains/precipitates of Zn different deformation mechanisms operate. Specifically, it is observed that while dislocation activity dominates in some grains, twinning takes place predominantly in other Zn grains. This is expected, and in agreement with previous observations [25] . After compression up to 0.25 the grain sizes of Al and Zn decrease, respectively to 4 micron and 252 nm. Other important characteristics of the microstructure after compression are: (i) increase of the average size of Zn particles in the bulk of Al grains (from 20 to 60 nm); decrease of the concentration of Zn particles in the material bulk and increase of Zn precipitates near or at grain boundaries ( Figure 5 ).
DISCUSSION AND MODELING
The physical mechanism by which decomposition of supersaturated solid solution occurs in AlZn alloys was described previously [1] . In the present analysis we consider that microstructure evolves during compression according to the schematic view represented in Figure 6 .
The dislocations in the bulk of Al grains serve as nucleation sites for Zn precipitates. Zn also precipitates at grain boundaries. With increasing deformation the dislocations rearrange and self-organize in new grain boundaries which become heavily enriched in Zn. The pinned dislocations mediate Zn redistribution between the pinning particles by pipe diffusion. In addition, the intense pinning produces an effective division of the grains in sub-grains. These sub-grain boundaries contribute to speeding up solute diffusion towards growing precipitates. The grain boundary and pipe diffusion is much faster than the bulk diffusion of solute. The plastic deformation of Al is strongly controlled by slip system activity. An effective critical shear τ is necessary for activating dislocations, which increases as a function of the accumulated shear γ in the grain, and is the same for every system of every grain. τ and γ are related to the macroscopic flow stress and the strain increment through the average Taylor factor M, as: The shear stress is assumed to depend on the average dislocation density through the usual Taylor law (3) where τ 0 is the friction stress, b is the length of the Burgers vector of dislocations, α is a constant describing dislocation-dislocation interaction, µ is a shear modulus, ρ is dislocation density (approximately 10 12 m −2 ).
By considering a homogeneous dislocation distribution, the evolution of the average dislocation density (ρ) with strain (γ) can be described by: (4) where and are the dislocation storage and annihilation terms, respectively.
In the approach by Kocks and Mecking [17] , the annihilation process is thermally activated and governed by the glide of dislocations at low and medium temperatures. They obtain the following equation for the dislocation density evolution: (5) where L is the dislocation mean free path and f is the dynamic recovery term. The microstructural analysis reveals that during the first steps of compression, Al grains are covered by high population of small precipitated Zn particles which impede the movement of dislocations. Under these circumstances a new term should be added to Eqn. (1) accounting for the Orowan mechanism which in turn should be dependent on both the distance between Zn particles (ω) and the size of Zn particles (d) (6) where (7) With increasing strain several concomitant phenomena should be considered: the size of Al grains decrease from 15 to 4 micron and the Zn particles in the bulk of Al grains increase in size and move to grain boundaries ( Figure 6 ). Therefore, after a certain amount of plastic deformation, it appears necessary to use both the dislocation density and a size parameter, the mean free path of dislocations, to model the mechanical behavior. At the very beginning of plastic deformation when intensive precipitation of Zn particles occurs, it is reasonable to
assume the mean free path (L) to be approximately proportional to the mean distance between precipitates (ω). However, we speculate here that after a few percent of deformation (0.05) the mean free path increases with increasing strain and saturates towards the value of the grain size. These two effects can be considered simultaneously by modifying the previous equation proposed by Gracio [29] to:
where λ is a material constant equal to 0.5. In eqn (8) L is not anymore a variable dependent on the square root of the dislocation density, but rather an independent state variable that increases as a function of strain, as observed experimentally. Such evolution leads to a double effect of L on the softening process (see eqns (3), (6) and (7)). On one hand, when Zn particles move to grain boundaries, the movement of most of the dislocations is facilitated leading to enhanced recovery. On the other hand, when L increases the Orowan strengthening is strongly attenuated according to the right term of eqn (6) . The TEM analysis has shown that uniaxial compression produces a strong grain refinement of Zn grains. Namely, after a plastic deformation of 0.25, the Zn grains size decreases to 252 nm. Our microstructural analysis indicates that the occurrence of slip and twinning is drastically reduced as the grain size decreases. This is in agreement with previous works which indicated that the Hall-Petch slope for pure Zn with a grain size between 10 −8 − 10 −6 m is much smaller than that for Zn with a grain size in the range 3 × 10 −5 − 4 × 10 −4 m [30] . In our model we consider, for simplicity, the contribution of the Zn grains to the flow stress to be identical to the yield stress of pure zinc (150 MPa).
The global stress is computed as the sum of the stress associated with the deformation of Al and Zn grains, weighted by the respective volume fractions: (9) The parameters of the model are listed in Table 1 . Figure 7 compares the experimental and calculated results. At the first steps of deformation the model fits well the experimental curve. The theoretical curve predicts a smaller flow stress in the strain softening range. This discrepancy should be due to the omission of the Hall-Petch effect in Zn grains.
The above model should be considered only as a simple approach to describe the softening process during compression of supersaturated Al-30wt% Zn. With this approach it is not possible to evaluate the separate effects of the different strengthening mechanisms namely solid solution, Hall-Petch, Orowan and dislocation density. Such analysis will be published in a future work.
CONCLUSIONS
In the present work we present a new microstructure-based model for describing the softening process occurring during compression of supersaturated Al-30% wt Zn alloy. The model describes well the above-mentioned phenomenon based on a new evolution law relating the mean free path of dislocations (L) with plastic strain. Namely L plays a double role on the softening process: on one hand promotes dislocation annihilation and decreasing dislocation density and on the other hand promotes stress relaxation in the bulk of the grains with increasing plastic deformation.
ACKNOWLEDGMENTS
MB, JG and FB acknowledge the financial support of Portuguese Foundation of Science and Technology projects PTDC/EME-TME/105688 / 2008 and PEST-C/EME/UI0481/2011. 
